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cAMP; protein kinase A; vascular remodeling; exchange protein activated by cAMP CELLULAR PROLIFERATION AND MIGRATION are fundamental processes that contribute to the injury response in major arteries (19, 21, 29) . Such injury may commonly occur in patients with ischemic heart disease after balloon angioplasty and/or stenting, and the resultant pathology is the restenosis of arteries. Neointimal thickening precedes restenosis and can be induced in response to experimental arterial injury as well. Various vasoreactive G s protein-coupled receptor stimuli, such as prostanoids or catecholamines, increase intracellular cAMP to evoke a variety of cellular responses (13) . cAMP, a major second messenger that is produced by adenylyl cyclase, classically activates PKA to initiate multiple phosphorylation reactions and thus regulates various functions within cells (13) . The activation of the cAMP-PKA signal has been reported to inhibit aortic smooth muscle cell (ASMC) migration/proliferation and thus reduce the formation of neointimal lesions after experimental arterial injury in vivo (11, 12, 15) . However, a number of studies have also demonstrated controversial roles of cAMP in SMC migration and vascular remodeling (21, 27, 32) . These data suggest that there are multiple or diverse pathways to regulate vascular SMC migration and remodeling by cAMP.
The recent cloning of an entirely new target of cAMP, i.e., exchange protein activated by cAMP (Epac), has elucidated the presence of a distinct cAMP signaling pathway that is independent of PKA activation (3) . Epac is a guanine nucleotide exchange protein that regulates the activity of small G proteins Rap1 and Rap2. Various roles of Epac have been proposed, such as cell proliferation, migration, adhesion, secretion, and cellular Ca 2ϩ handling (26, 33) ; however, as yet, the role of Epac in vascular SMC function is limited.
In the present study, we examined the role of Epac in cell migration, a fundamental process to induce neointimal thickening and, thus, vascular restenosis. In particular, we examined the differential role of Epac and PKA with the use of selective cAMP analogs specific to Epac or PKA and adenovirusmediated gene transfer of Epac or PKA. We also examined changes in Epac and PKA expression in neointimal thickening after vascular injury in mice. We demonstrated that Epac promotes both fetal and adult rat ASMC migration and facilitates the development of neointimal thickening.
MATERIALS AND METHODS
Reagents. 8-(4-parachlorophenylthio)-cAMP (pCPT), 8-pCPT-2Ј-O-Me-cAMP (O8Me-cAMP), and anti-␣-smooth muscle actin antibody were purchased from Sigma (St. Louis, MO). PDGF-BB was purchased from BD Biosciences (San Jose, CA). Antibodies of Epac1 were purchased from Santa Cruz Biotechnology (San Diego, CA) and Upstate Biotechnology (Charlottesville, VA). Antibodies of the PKA catalytic ␣-subunit, phalloidin, and von Willebrand factor were purchased from Cell Signaling (Danvers, MA), Molecular Probes (Carlsbad, CA), and Dako (Glostrup, Denmark), respectively.
Animals and tissue. Wistar rat embryos obtained from timedpregnant mothers, and adult Wister rats and 8-wk-old male wild-type ICR mice were purchased from Japan SLC (Shizuoka, Japan). This investigation conformed with the American Physiological Society "Guiding Principles in the Care and Use of Animals." Experiments were approved by the Ethical Committee of Animal Experiments of Yokohama City University School of Medicine.
Cell culture. ASMCs in primary culture were obtained from the aorta of Wistar rat embryos at embryonic day 21 and adult Wister rats as described previously (31) . Briefly, the tissues were digested by a collagenase-dispase enzyme mixture [1.5 mg/ml collagenase-dispase (Roche, Basel, Switzerland), 0.5 mg/ml elastase type II-A (Sigma), 1 mg/ml trypsin inhibitor type I-S (Sigma), and 2 mg/ml BSA fraction V (Sigma) in HBSS (Sigma)] at 37°C for 15 min. Cell suspensions were centrifuged, and the medium was changed to a collagenase II enzyme mixture [1 mg/ml collagenase II (Worthington, Lakewood, NJ), 0.3 mg/ml trypsin inhibitor type I-S, and 2 mg/ml BSA fraction V in HBSS]. After 12 min of incubation at 37°C, cell suspensions were transferred to 10% FCS-DMEM in poly-L-lysine-coated dishes at 37°C in 5% CO 2-95% ambient mixed air. Confluent cells between passages 4 and 6 were used in experiments.
Mouse femoral artery injury model. Surgery was carried out using a dissecting microscope (SMZ-800, Nikon). Transluminal mechanical injury of the femoral artery was induced by the insertion of a large wire (0.38 mm in diameter, no. C-SF-15-15, COOK) as previously described (25) . Mice were euthanized by an intraperitoneal administration of an overdose of Nembutal at the time points indicated. At death, mice were perfused with 0.9% NaCl solution. Injured femoral arteries were harvested at the time points indicated. Femoral arteries were snap frozen in OCT compound (TissueTek, Tokyo, Japan) for immunohistochemistry. The neointima area was measured on digitized images using image-analysis software (Image-Pro Plus version 4.5, Media Cybernetics, San Diego, CA). Three to four sections every 100 m were measured for each artery.
Quantitative RT-PCR. Total RNA was isolated from each artery or ASMC using the RNeasy Minikit (QIAGEN, Valencia, CA) according to the manufacturer's instructions. Generation of cDNA was done as previously described (31) . Quantitative RT-PCR was performed using the ABI Prism 7700 sequence detection system (Applied Biosystems, Foster City, CA). Amplifications were generated by 10 min at 95°C and then 40 cycles of denaturation at 95°C for 15 s, annealing at 58°C for 30 s, and extension at 72°C for 30 s using a qPCR core kit for SYBR green (Eurogenetec, Seraing, Belgium). Primers for PCR amplification were designed between multiple exons based on rat and mouse nucleotide sequences of Epac1 and Epac2 (5Ј-GTGTTGGT-GAAGGTCAATTCTG-3Ј and 5Ј-CCACACCACGGGCATC-3Ј for Epac1 and 5Ј-TGTTAAAGTGTCTGAGACCAGCA-3Ј and 5Ј-AA-AGGCTGTCCCAATTCCCAG-3Ј for Epac2) and the regulatory IIa and catalytic subunit b of PKA (5Ј-AAAACTGACGAGCATGT-CATTGA-3Ј and 5Ј-CGGTTGTCATACTGACCAACAG-5Ј for the regulatory IIa subunit and 5Ј-TGGTTATGGAATACGTCCCTGG-3Ј and 5Ј-AATTAAGAGGTTTTCCGGCTTGA-3Ј for the catalytic subunit b). Primers for human Epac1 (5Ј-GTGTTGGTGAAGGTCAAT-TCTG-3Ј and 5Ј-CCACACCACGGGCATC-3Ј) were used to confirm adenovirus-mediated overexpression. Each template was tested at least three times to confirm the reproducibility of the assays. The abundance of each gene was determined relative to GAPDH using TaqMan Rodent GAPDH control reagents kits (Applied Biosystems). Amplifications for TaqMan assay were generated by 10 min at 95°C and then 40 cycles of denaturation at 95°C for 15 s and annealing and extension at 60°C for 1 min.
Immunoblot analysis. Immunoblot analysis was conducted as previously described (31 Adenovirus construction. For the construction of adenoviral vectors, a full-length cDNA-encoding human Epac1 (kindly provided by Dr. J. L. Bos) or the ␣ 1-catalytic subunit of PKA was cloned into a shuttle vector using an AdenoX adenovirus construction kit (Clontech, Tokyo, Japan). For controls, adenovirus vector harboring LacZ or green fluorescent protein (GFP) was used at the same multiplicity of infection (MOI). All experiments were performed 24 h after infection.
Immunocytochemistry. ASMCs cultured on 12-mm glass coverslips were serum starved for 24 h and then stimulated for 1 h in media alone (control), O8Me-cAMP, or pCPT. Cells were then fixed in 10% buffered formalin for 10 min, washed twice with PBS, and permeabilized in 0.3% Triton X-100 and PBS for 10 min. ASMCs were washed twice with PBS-Tween 20 (0.1% Tween) and incubated with 1% BSA-PBS-Tween for 20 min and then with a FITC-conjugated phalloidin antibody for 16 h at 4°C. After five washes with PBSTween 20, coverslips were mounted for imaging.
Organ culture. The descending aorta at embryonic day 19 was infected for 2 h in humidified 5% CO 2-95% ambient mixed air at 37°C with 1.2 ϫ 10 7 plaque-forming units (pfu)/ml of Epac1, PKA, or GFP adenovirus in 0.5% FCS containing DMEM (6) . After infection, segments were cultured up to 2 days, fixed in 10% buffered formalin, and embedded in paraffin. Morphometric analyses were performed using Win Roof version 5.0 software (Mitani, Tokyo, Japan). Intimal cushion formation was defined as follows: [(neointimal area)/(medial area)] ϫ 100%. The average of at least three sections was used as the value for each tissue.
RNA interference. Double-stranded 21-bp short interfering (si) RNAs to the selected region of Epac1 cDNA were purchased from Ambion (Tokyo, Japan). The siRNA sequences targeting Epac1 were 5Ј-CCACAGAGCAUGUGCACAA(TT)-3Ј and 5Ј-UUGUGCACA-UGCUCUGUGG(TG)-3Ј. Negative control siRNA (Ambion) was used as a control. ASMCs were transfected with siRNA (100 pmol) using the Lipofectamine 2000 transfection reagent (Invitrogen) according to the manufacturer's instructions. Cells were kept serum free for an additional 24 h before experiments.
Migration assay. The migration assay was performed using 24-well Transwell culture inserts with polycarbontate membranes (8-m pores, Corning, Acton, MA) as previously described (32) . The membrane was coated with 75 l fibronectin (50 g/ml, BD Bioscience) for 16 h and washed by DMEM before cell suspension. ASMCs were harvested with trypsin-EDTA, resuspended in serum-free DMEM, counted, and distributed at a density of 1 ϫ 10 5 cells/100 l in inserts. Cells were allowed to settle in serum-free DMEM for 1 h before the addition of agents in the lower chamber. As the basal condition, the lower chambers were filled with 600 l serum-free DMEM. ASMCs were then allowed to migrate to the underside of the insert's membrane for 4 h at 37°C at 5% CO2. At the end of the experiment, cells were fixed in 10% buffered formalin (Wako Pure Chemical Industries, Osaka, Japan). After cells on the upper surface of the membrane had been mechanically removed with a cotton swab, migrated cells on the lower surface of the membrane were stained with Cyto Quick (Muto Pure Chemicals, Tokyo, Japan) and were manually counted from three different fields (0.5 mm 2 /field) in a microscope using Image J software. We performed at least three independent experiments. 3 H]thymidine for 4 h at 37°C. Cell numbers were counted 3 days after the incubation with drug or adenovirus containing Epac1 using trypan blue staining.
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Immunohistochemistry. Frozen sections of the femoral artery were fixed in acetone for 10 min and incubated for 5 min in peroxidase blocking reagent (Dako) to inactivate endogenous peroxidases. Tissue sections were then rinsed in PBS and incubated with anti-Epac1 antibody overnight at 4°C. Paraffin-embedded sections containing the aorta subjected to organ culture were stained as previously described (31) . Slides were incubated with anti-␣-smooth muscle actin or anti-von Willebrand factor antibody overnight at 4°C. Slides were washed with PBS for 5 min and sequentially incubated with streptavidin peroxidase at room temperature for 30 min and DAB chromogen substrate solution (Nichirei, Tokyo, Japan). Slides were counterstained with Mayer's hematoxylin, dehydrated, and mounted. The specificity of staining was examined by omission of the primary antibody.
Rap1 pull-down assay. Rap1 activity assay was assayed with a Rap1 activation kit (Pierce) according to the manufacturer's instructions. Briefly, cells were serum starved for 48 h, incubated with drugs, lysed [1% Nonidet P-40, 25 mM Tris ⅐ HCl (pH 7.5), 150 mM NaCl, 5% glycerol, 5 mM MgCl 2, 1 mM DTT, 2 g/ml aportinin, and 1 mM PMSF], and centrifuged at 16,000 g for 1 min. Supernatants and 20 g of GST-RalGDS-RBD were incubated on the glutathione disks for 1 h, and discs were washed three times with lysis buffer. Precipitates were separated by SDS-PAGE and analyzed by immunoblot analysis with anti-Rap1 monoclonal antibody.
Statistical analysis. Data are means Ϯ SE of n independent experiments. Statistical analysis was performed by the unpaired Student t-test or one-way ANOVA followed by the Tukey-Kramer multiplecomparison test. A value of P Ͻ 0.05 was considered significant.
RESULTS
Epac1 expression increases after vascular injury.
Transluminal mechanical injury was induced in mouse arteries to examine changes in the mRNA expression of PKA and Epac. We found that Epac1 mRNA, but not Epac2 mRNA (Fig. 1, A  and B) , was increased. The increased Epac1 mRNA expression was gradually returned to the basal level by 4 wk after the injury. In contrast, the expression of PKA subunits, i.e., the ␣-regulatory (RIIa) and the ␤-catalytic (Cb) subunits (Fig. 1, C  and D) , but not the ␤-regulatory (RIIb) and ␣-catalytic (Ca) subunits (data not shown), showed a decrease over the course of vascular injury and intimal thickening. These findings suggest that the expression of the two major target molecules of cAMP, Epac and PKA, are differently regulated after vascular injury and during the progression of neointimal thickening.
We also examined whether intimal thickening developed after injury and also examined changes in Epac1 expression (Fig. 1E) . When Epac1 protein expression was examined in injured vessels by immunostaining, we found that Epac1 expression was very low in medial smooth muscle layers, even if detectable before injury. By the end of 1 wk following injury, the vessels were dilated and Epac1 expression became readily detectable in the smooth muscle layer. At 2 wk, diffuse neointimal thickening occurred. At 3 wk, neointimal thickening progressed with a thickened smooth muscle layer. Epac1 expression was detectable in both thickened neointimal lesions and smooth muscle layers. At 4 wk, neointimal thickening peaked, whereas staining for Epac1 was decreased. Immunofluorescent data of Epac1 protein also indicated that Epac1 protein was increased after vascular injury (data not shown). Although immunostaining findings are not necessarily quantitative, in conjunction with our findings from RT-PCR, these results suggest that Epac1 protein expression is upregulated after injury in smooth muscle layers and then neointimal lesions during the progression of neointimal thickening.
Epac plays an opposite role from PKA in regulating fetal ASMC migration. Since migration is a fundamental process contributing to neointimal formation (19, 21, 29) , we compared the role of PKA and Epac with the use of cAMP analogs that can selectively stimulate either of the two molecules in the regulation of cell migration in fetal ASMCs, a common cell system for such assays. Activation of PKA with pCPT (16) was inhibitory to ASMC migration, as previously shown (11, 12) , even at a relatively high concentration (7, 16) . In contrast, we found that stimulation of Epac with O8Me-cAMP (7) was stimulatory to migration. Indeed, the enhancement of ASMC migration paralleled Epac activation with an increasing concentration of O8Me-cAMP ( Fig. 2A) . The use of siRNA decreased Epac1 mRNA expression to ϳ30% of basal and did not affect Epac2 mRNA (Fig. 2B) . Epac1-targeted siRNA abolished O8Me-cAMP-induced Rap1 activation (Fig. 2, C and  D) and negated the enhancement of migration induced by O8Me-cAMP (Fig. 2E) . These findings suggest that Epac1 was mostly responsible for the O8Me-cAMP-induced ASMC migration. Furthermore, the enhancement of migration in the presence of O8Me-cAMP was additive to that in the presence of PDGF-BB, a potent enhancer of cell migration (19) (Fig.  2F) . In contrast, PKA activation was inhibitory and decreased the enhanced cell migration induced by PDGF-BB (Fig. 2F) .
The above findings suggested that PKA activation inhibited fetal ASMC migration; this was in agreement with findings from a previous study (11) . However, we found that Epac activation instead increased migration. To further confirm this opposing effect of Epac, we examined the impact of adenovirus-mediated gene transfer of Epac1. Levels of protein of Epac1 and PKA were both increased in a dose-dependent manner after adenovirus-mediated gene transfer of Epac1 and PKA, respectively (Fig. 3, A-C) . We confirmed that a longer exposure gave a immunoreactive band for Epac1 in cells infected with adenovirus LacZ. Gene transfer of PKA decreased cell migration, whereas that of Epac1 increased migration (Fig. 3D) . Indeed, cell migration was dramatically increased with an increasing viral dose of Epac1 and was further enhanced by the addition of the Epac activator O8Me-cAMP (Fig. 3E) . This led to the maximal activation of migration, which was comparable with that of PDGF-BB, one of the most potent migratory stimulators (Fig. 2F) . The response to O8Me-cAMP appeared weaker in cells infected with 5 MOI of adenovirus Epac1 than that in cells infected with a low titer of adenovirus Epac1. We think that this is because the response of migration measured in our system is limited (350 migrated cells/0.5 mm 2 ). In contrast, PKA activation with pCPT decreased cell migration at basal and also in cells overexpressing Epac1, suggesting that PKA can counteract Epac in regulating migration (Fig. 3F) . To determine the outcome of cAMP signaling, we examined migration using forskolin (1 or 0.1 (Fig. 3G) . The lower concentration of forskolin (0.1 M) significantly promoted migration in cells in the absence and presence of Epac1 overexpression. The lower concentration of forskolin-induced migration did not reach a statistical difference in cells infected with LacZ. In contrast, the higher concentration of forskolin (1 M) inhibited migration in uninfected cells. Forskolin at 1 M also inhibited migration in cells infected with LacZ or Epac1 adenovirus. Although further inhibition of migration using the higher concentration of forskolin was not observed in cells infected with the PKA catalytic subunit, these data suggest that the higher concentration of forskolin inhibits ASMC migration most likely via PKA. We also obtained similar findings using 10 M forskolin and confirmed the viability of cells (data not shown). The effect of nonselective cAMP-raising drug on migration was not uniform and, at least in part, appeared to depend on the concentration of cAMP.
Epac promotes and PKA inhibits migration in adult ASMCs. Because fetal cells, which are commonly used for migration assays, sometimes have different properties from those of adult cells, we also examined the effect of Epac and PKA activation in adult ASMCs. Activation of Epac by O8Me-cAMP and overexpression of Epac1 promoted migration, whereas activation of PKA by pCPT and overexpression of PKA inhibited adult ASMC migration, indicating the presence of similar signaling between fetal and adult cells (Fig. 4, A and B) . We further examined the differing effects of Epac and PKA. O8Me-cAMP promoted PKA-inhibited migration (Fig. 4A) . pCPT decreased overexpression of Epac1-induced migration, Fig. 1 . Changes in exchange protein activated by cAMP (Epac) and PKA expression upon vascular injury. A and B: Epac1 (A), but not Epac2 (B), mRNA increased after vascular injury. Transluminal mechanical injury of the femoral artery was induced by insertion of a large wire. mRNA expression of Epac1 was determined at 0 (pre), 1, 2, 3, and 4 wk by quantitative RT-PCR. The abundance of each mRNA was determined relative to GAPDH. Data are fold increases of control; n ϭ 4. *P Ͻ 0.05; **P Ͻ 0.01. C and D: changes in PKA subunit mRNA expression after vascular injury. mRNA expression of ␣-regulatory (RIIa; C) and ␤-catalytic (Cb; D) subunits of PKA were determined in the same manner as that of Epac. Data are fold increases of control; n ϭ 4. **P Ͻ 0.01; ***P Ͻ 0.001. E: changes in Epac1 protein expression and intimal thickening after vascular injury. Immunohistochemistry with anti-Epac1 antibody was performed at 0 (pre), 1, 2, 3, and 4 wk after injury to the mouse femoral artery. Representative images are shown. The ratio of intimal thickening to the medial layer was increased in a tine-dependent manner. n ϭ 7-9. *P Ͻ 0.05. and O8Me-cAMP increased overexpression of PKA-inhibited migration (Fig. 4C) . These results suggest that Epac and PKA have opposing effects on migration, even though both are targets of cAMP.
Since SMC growth also contributes to vascular remodeling, we also examined the effect of Epac and PKA on DNA synthesis and proliferation in adult ASMCs. Adenovirusmediated gene transfer of both Epac1 and PKA did not affect [ 3 H]thymidine uptake in adult ASMCs (Fig. 4D) . Epac activation by O8Me-cAMP and overexpression of Epac1 did not affect cell numbers 3 days after treatment (Fig. 4, E and F) .
Effect of Epac activation on cell morphology in fetal and adult ASMCs. We also found that changes in SMC morphology after Epac activation were quite different from those after PKA activation. Fetal and adult ASMCs treated with either O8Me-cAMP or pCPT were compared after being stained with phalloidin (green) (Fig. 5, A and C, respectively) . In accordance with a previous report (23) , PKA activation showed a rapid and striking morphological change characterized by the presence of long branching processes. This classic change in stellate cell shape was readily detectable within 1 h of treatment. However, we found that Epac-activated cells showed a diffusely expanded cell shape without dendritic extensions. This suggests that the same cAMP signal can induce distinct morphological phenotypes in addition to functional differences, i.e., migration, depending on which of its downstream effectors, PKA or Epac, is activated. Cell surface areas of fetal and adult ASMCs were significantly increased with Epac activation, whereas they were significantly decreased with PKA activation (Fig. 5, B  and D, respectively) .
Development of neointimal thickening aorta by Epac overexpression. We examined the effect of 4 days of incubation with the Epac activator O8Me-cAMP on intimal thickening in the rat aorta at embryonic day 19 in organ culture (Fig. 6A) . Intimal thickening, as determined by the ratio between neointimal area and media area, was increased with Epac activator (Fig. 6B) . Finally, to examine whether overexpression of Epac1 indeed promotes the development of neointimal thickening and thus luminal occlusion, we overexpressed Epac1 in the same system and examined the changes in intimal thick- -cAMP) , an Epac activator. n ϭ 4 -9. **P Ͻ 0.01; ***P Ͻ 0.001. B: selective silencing of Epac1 mRNA. Changes in the mRNA expression of Epac1 were determined by quantitative RT-PCR. Epac1 mRNA was significantly decreased in cells transfected with Epac1-targeted short interfering (si)RNA. Epac1-targeted siRNA did not affect Epac2 mRNA expression. Data were normalized to GAPDH; n ϭ 4. ***P Ͻ 0.001. NS, not significant. C and D: Epac1-targeted siRNA (si-Epac1) abolished O8Me-cAMPinduced Rap1 activation. Rap1 activation was determined in the presence of oligonucleotides [negative control (si-Neg) or si-Epac1]. Cells were incubated with or without Epac activator (30 mol/l O8Me-cAMP) for 15 min and assayed for Rap1 activation. Precipitates (C, top) and total cell lysates (C, bottom) were analyzed by immunoblot analysis with an antiRap1 antibody. Changes in GTP-bound Rap1 were normalized to total Rap1 (D). n ϭ 4. *P Ͻ 0.05. E: siRNA-mediated negation of Epac-induced migration. Migration was determined in the presence or absence of oligonucleotides (si-Neg or si-Epac1). Changes in cell migration in the absence or presence of Epac activator (30 mol/l O8Me-cAMP) are shown as percent increases from the negative control in the absence of Epac activator. n ϭ 9 -12. **P Ͻ 0.01; ***P Ͻ 0.001. F: effect of Epac or PKA activation on growth factor-stimulated migration. ASMCs were stimulated with either 30 mol/l O8Me-cAMP, an Epac activator, or 500 mol/l pCPT, a selective PKA activator, to determine cell migration in the presence of 10 ng/ml PDGF-BB for 4 h. n ϭ 4. ***P Ͻ 0.001 compared with basal; †P Ͻ 0.05; † † †P Ͻ 0.001.
ening at 48 h after gene transfer (Fig. 6C) . Overexpression of Epac1 in the cultured tissues was confirmed by real-time RT-PCR (Fig. 6E) . Intimal thickening was dramatically increased with Epac1 gene transfer (Fig. 6D) . Cells in the area of intimal thickening were SMCs and not endothelial cells (Fig.  6F) . These data suggest that Epac1 indeed promoted neointimal thickening, at least in rat fetal tissues.
DISCUSSION
We demonstrated that the two major effecter molecules of cAMP, i.e., PKA and Epac, play differential roles in regulating ASMC migration and induce different morphological changes. PKA inhibited, whereas Epac promoted, cell migration in both fetal and adult rat ASMCs, as demonstrated with the use of selective cAMP analogs and/or adenovirus-mediated gene transfer.
Although it has been demonstrated that a distinct signaling pathway is involved for Epac from that of PKA in other cell types (18, 33) , the biological significance of Epac signaling has been poorly characterized in SMCs. Epac is one of major targets of cAMP and is abundantly expressed in cardiac myocytes, fibroblasts, and vascular smooth muscle tissues (17, 33) . It has been reported that Epac activation promotes monocytes or cardiac fibroblast migration (1, 33) . in contrast to these reports, Epac activation inhibits the migration of endothelial cells (10) , implying that the role of Epac, compared with that of PKA, may be different in these tissues. Our findings show that a distinct role of Epac in SMC migration from PKA.
We do not know the exact molecular mechanisms that lead to Epac activation and increased migration in ASMCs, which is, at least, additive to that of growth factor-mediated migration, as shown above. The activation of Rap1, Akt, and/or ERK may be well involved, as demonstrated in the regulation of cell adhesion and migration (8, 14, 18, 20, 24, 30, 33) , which does not depend on the classical activation of PKA and may play a role in regulating migration in vascular SMCs as well. Our results showed that stimulation of Epac or PKA induced different morphological changes. It has been reported that adhesion is increased by Epac and decreased by PKA (2, 28) and plays an important role in cell morphology and migration (4). Especially, turnover of focal adhesion has been reported to be important for cell migration (9) . Morphological changes . Twenty-four hours after infection, ASMC migration was compared with that in the absence of infection (basal). n ϭ 8. **P Ͻ 0.01; ***P Ͻ 0.001 compared with basal. E: Epac1 dose-dependent increases in migration. Epac1 was overexpressed with the use of adenovirus with an increasing MOI (0.5, 2, and 5). Twenty-four hours after infection, ASMC migration was determined in the presence or absence of 30 mol/l O8Me-cAMP. n ϭ 6 -8. **P Ͻ 0.01, ***P Ͻ 0.001, and † † †P Ͻ 0.001 compared with basal. F: PKA-mediated inhibition of Epac-induced migration. ASMCs in the presence or absence of a selective PKA activator (500 mol/l pCPT) were subjected to a cell migration assay in the presence or absence of Epac1 overexpression. n ϭ 4 -9. **P Ͻ 0.01; ***P Ͻ 0.001. G: effect of forskolin on migration. ASMCs were infected with or without 5 MOI of LacZ, PKA, or Epac1 adenovirus for 24 h. ASMC migration was determined in the presence or absence of 1 M or 100 nM forskolin for 4 h. n ϭ 4 -15. *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001. might be related to migration changes induced by Epac versus PKA. We also showed that overexpression of Epac1 promoted intimal thickening formation in the fetal rat aorta using an organ culture system, although a similar demonstration was difficult to make with adult organs (data not shown).
The higher concentration of forskolin (1 M) inhibited migration, whereas the lower concentration of forskolin (0.1 M) promoted migration in cells without infection or even in cells with overexpression of Epac1. It is thus tentative to speculate that the outcome of cAMP signaling as induced by forskolin, a direct adenylyl cyclase activator, was not uniform and may depend on the actual concentration and kinetics of the cAMP signal, as previously reported (33) .
Epac1 expression was upregulated, whereas PKA RIIa and Cb subunits were downregulated, upon vascular injury in mice, when cell migration is known to be enhanced. Overexpression of Epac1 and PKA led to opposite changes in such cellular behaviors in vitro. ASMC migration was promoted in cells with overexpression of Epac1 and inhibited by overexpression of the PKA catalytic subunit. Although we did not show the direct involvement of Epac in vascular injury, e.g., vascular injury in Epac-null mice, our findings suggest that, at least in part, enhanced expression of Epac1 and decreased PKA expression were coordinated during the process of increased cell migration.
Because siRNA-mediated disruption of Epac1 expression attenuated cAMP-induced enhancement of cell migration, it is tentative to speculate that the inhibition of the Epac1 signal, at least when Epac1 expression is transiently upregulated upon vascular injury, may be considered as a therapeutic strategy to prevent the progress of vascular restenosis. This may be considered in addition to, or potentially over and above, the previous proposals, which used cAMP analogs to activate PKA to prevent neointimal thickening (11, 12) , simply because PKA was downregulated or not changed and Epac1 was upregulated upon vascular injury, as demonstrated in this study. A limitation in our study is that we examined a vascular injury model in mice and migration in rat ASMCs. Although mice and rats are similar in some aspects, they are not identical in histological and genetic features (5, 22) . Further study will be needed Fig. 4 . Effect of Epac and PKA activation on adult ASMC migration. A: activation of Epac and PKA by selective cAMP analogs. Rat adult ASMC migration was examined using same methods as in Fig. 2 . The Epac activator O8Me-cAMP (30 mol/l) promoted migration, and the selective PKA activator pCPT (500 mol/l) inhibited migration. Epac-induced migration was decreased by the selective PKA activator. Serum was depleted from the culture medium. CTRL, control. n ϭ 4 -9. ***P Ͻ 0.001; †P Ͻ 0.05. B: effect of adenovirus-mediated gene transfer of PKA or Epac 1 on migration. The ␣1-catalytic subunit of PKA (PKA), Epac1, or LacZ was overexpressed with the use of adenovirus (5 MOI). Overexpression of Epac1 promoted and that of PKA inhibited adult ASMC migration. Twenty-four hours after infection, migration assays were conducted. n ϭ 4 -10. ***P Ͻ 0.001. C: Epac and PKA counteract in ASMC migration. pCPT (500 mol/l) decreased the overexpression of Epac-induced migration. O8Me-cAMP (30 mol/l) increased the overexpression of PKA-induced migration. n ϭ 4 -10. *P Ͻ 0.05; ***P Ͻ 0.001. D: effect of Epac and PKA on DNA synthesis. Adult ASMCs were overexpressed with 5 MOI of LacZ, Epac1, or the ␣-catalytic subunit of PKA. Twenty-four hours after infection, thymidine uptake was conducted for 4 h. All treatments did not show a significant difference compared with LacZ. n ϭ 16 -20. E and F: effect of Epac on proliferation. Cell numbers were counted 3 days after an incubation with drug (E) or adenovirus containing Epac1 (F). We used PDGF-BB as a positive control. Epac activation by O8Me-cAMP (30 mol/l) and overexpression of Epac1 did not affect cell numbers. n ϭ 5-8. ***P Ͻ 0.001.
to investigate a regulation of intimal thickening by Epac in other species, including humans.
Our findings indicated that the role of Epac is opposite to that of PKA and that Epac can promote cell migration. The stoichiometry of Epac may be increased to enhance such cellular migration upon vascular injury. The robust nature of our findings is to suggest, however, that the two major effectors of cAMP, i.e., Epac and PKA, have differential roles in Fig. 5 . Effect of Epac on cell morphology in fetal and adult ASMCs. A: fetal ASMCs were incubated in the presence of either a selective PKA activator (500 mol/l pCPT) or an Epac activator (30 mol/l O8Me-cAMP) for 1 h followed by immunostaining using anti-phalloidin antibody (green). B: changes in the cell surface area of fetal ASMCs in the presence of pCPT or O8Me-cAMP. n ϭ 10 -15. ***P Ͻ 0.001 compared with basal. C: adult ASMCs were incubated in the presence of either pCPT (500 mol/l) or O8Me-cAMP (30 mol/l) for 1 h followed by immunostaining using anti-phalloidin antibody (green). D: changes in the cell surface area of adult ASMCs in the presence of pCPT or O8Me-cAMP. n ϭ 20. ***P Ͻ 0.001 compared with basal. Fig. 6 . Effect of Epac on neointimal thickening in the fetal aorta. A: the rat fetal aorta was incubated with or without O8Me-cAMP in organ culture for 4 days. Tissues were stained with elastica-van Gieson stain to visualize intimal thickening. B: thickness of the intimal cushion presented as the ratio of the area of the intimal cushion to the area of whole smooth muscle layers. n ϭ 4 -5. *P Ͻ 0.05. C: the rat fetal aorta was infected with green fluorescent protein (GFP) or Epac1 adenovirus followed by an incubation in organ culture for 48 h. Tissues were stained with elastica-van Gieson stain to visualize intimal thickening. D: thickness of the intimal cushion presented as the ratio of the area of the intimal cushion to the area of whole smooth muscle layers. n ϭ 3-5. *P Ͻ 0.05. E: the rat fetal aorta was infected with GFP or Epac1 adenovirus. mRNA were extracted 48 h after incubation and subjected to real-time RT-PCR. n ϭ 4. ***P Ͻ 0.001 compared with GFP adenovirus. F: rat fetal aortas infected with Epac1 adenovirus in the organ culture system were stained with anti-␣-smooth muscle actin or von Willebrand factor antibody to visualize SMCs or endothelial cells, respectively. regulating cell migration, directing distinct pathophysiological processes upon vascular injury.
